Introduction
[2] The use of lasers as micro-heating and ablation tools in geochemistry has a long history [e.g., Megrue, 1967] . Lasers are now routinely used for, among other techniques, 40 Ar/ 39 Ar chronology [e.g., Kelley, 2002 , and references therein], stable isotopes [e.g., Fallick et al., 1992; Smalley et al., 1989] , and noble gas isotope geochemistry as well as ablation tools for ICP-MS [e.g., Sylvester, 2001] .
[3] In recent years the (U-Th)/He chronometer has proved as a powerful tool for reconstructing crustal exhumation histories [e.g., Ehlers and Farley, 2003; Farley, 2002; Wolf et al., 1997] . Although resistance furnaces are routinely used for helium extraction [e.g., Crowhurst et al., 2002; Foeken et al., 2003; Lorencak et al., 2004; Persano et al., 2002; Stockli et al., 2002; Wolf et al., 1997] recently laser heating has been developed [e.g., House et al., 2000; Reiners et al., 2002 Reiners et al., , 2003 . Lasers have several advantages over furnaces for helium extraction; 4 He blank levels are lower, background levels of interfering species are lower, and extraction times are faster. This provides the ability to analyze younger and smaller samples, thus alleviating some of the limitations (e.g., poor age reproducibility) of analyzing multigrain samples.
[4] Early experiments aimed at direct heating of crystals showed that at laser powers sufficient to fully outgas mineral grains, U and/or Th were lost, probably by volatilization [Reiners and Farley, 1999; Stuart and Persano, 1999] . The development of micro-encapsulation of crystals in thermally conductive, refractory metals such as Pt and Nb foil has allowed infra-red (IR) lasers, in particular Nd:YAG, to be used for He extraction from apatite and zircon [House et al., 2000; Reiners et al., 2002 Reiners et al., , 2003 ].
[5] Here we report the development of a 808 nm diode laser system for helium extraction from minerals for (U-Th)/He chronometry. A diode laser is a solid-state laser with an optical pumping system that uses a laser diode instead of a flashlight applied in conventional solid-state lasers (S. M. Goldwasser, A practical guide to lasers for experimenters and hobbyists, version 7.5, 2005; available at http://repairfaq.ece.drexel.edu/sam/lasersam. htm) (hereinafter referred to as Goldwasser, 2005) . Diode lasers have several advantages for mineral heating and ablation over the equivalent visible/ near-IR lasers (Ar ion (460-540 nm) and Nd:YAG (1064 nm)). They are compact, air-cooled, and inexpensive to purchase and maintain (average diode life-time is approximately 10,000 hours). Importantly, the fraction of electrical power converted to optical output is high (>50%) compared to Ar ion (0.001 -0.2%) and Nd:YAG lasers (1 -4%) (Goldwasser, 2005) .
[6] In this study, we describe the diode laser system and show the results of age determinations of laser-heated apatites and zircons. Furthermore, we report preliminary results of heating hornblende, mica, garnet, sanidine, feldspar and quartz, in order to assess its potential as a micro-heating tool for noble gas (in particular 40 Ar/ 39 Ar) and stable isotope studies.
Description of the Diode Laser Extraction System
[7] The primary power supply is a 25 W continuous wave fiber-coupled diode laser (FDL25: Laservall S.p.A., Donnas (Aoste), Italy) emitting at a wavelength of 808 nm. Laser radiation is generated by optical pumping in a diode laser cell, housed in a 54 Â 45 Â 18 cm metal enclosure (Figure 1a) . The FDL25 is equipped with a laser beam-reshaping module that focuses the beam into a 3 m long, 600 mm diameter single-core fiber optic cable (Figure 1a ).
[8] Laser power output is linearly correlated with input power at least up to 12.5 W (Figure 2) . In particular the linearity extends to output powers less than 2.5 W that are routinely used for He extraction from encapsulated apatite and zircon. This contrasts with Nd-YAG lasers which show nonlinear power output [Fallick et al., 1992] .
[9] A 5 mW, 632 nm red He-Ne laser runs in the core and the outer $100 mm of the fiber and is used for focusing the 808 nm beam. The fiber cable ends in a 2 Â 3 cm focus head ( Figure 1a ) containing two 18 mm diameter BK7 glass lenses. The first lens collimates the divergent beam exiting the fiber cable. The second lens has a 4 cm focal distance and focuses the beam onto samples. The focus head is externally mounted on a binocular microscope, such that the focal distance is approximately 3.5 cm (Figure 1b) at approximately 30°from the vertical. A color CCD camera (752 Â 582 pixels) is mounted in the eyepiece of the microscope for navigation and monitoring targets during heating by the laser (25 Â magnification). Leakage of a fraction of the 808 nm radiation into the CCD camera over-saturates the CCD chip, which obscures the view of the target. Two 32 mm diameter IR filter glasses (Schott KG5) mounted in the eyepiece in front of the camera removes this interference.
[10] Samples are loaded in 1.5 mm deep Â 2 mm diameter holes in a 6 cm diameter high-purity Cu planchet that sits in a 11.5 cm diameter stainless steel chamber (Figure 1b) . A 5.3 cm diameter, 1 cm thick sapphire viewport is used to minimize diffusion of atmospheric He. The laser chamber is mounted onto a motorized microscope stage that can be moved in x-y direction using a joystick. The chamber is connected to the gas cleanup and analysis system by a flexible steel tube, and the system is pumped to < 10 À9 torr by a combination of turbo-molecular and triode ion pumps. The laser chamber and focus head are completely enclosed by a 30 Â 15 Â 15 cm Al box with magnetic interlock to the laser power supply (Figures 1b 
Analytical Procedures

Laser Heating
[11] Calibration of the diode laser as a heat source for He extraction was conducted by analyzing multiple aliquots of two 150-180 mm fragments of Durango apatite loaded in 1 Â 1.5 mm Pt-foil tubes (0.025 mm thick, 99.99% pure). The aim is to indirectly heat the crystals to temperatures sufficient to quantitatively diffuse out the He, but not melt the crystal [House et al., 2000] . The temperature of the Pt foils are not measured directly during heating, but are assessed by visual observation of the color emitted from heated Pt tubes. An initial temperature calibration has been obtained by heating Pt tubes loaded with Al-foil (melt temperature (t m ) = 660°C) and Ag wool (t m = 960°C). Melting of the Al-foil and Ag wool occurred at approximately 0.6 and 0.8 W, respectively, using a defocused beam of 3 mm diameter spot size. By varying the heating duration and laser power (see section 4) we have determined that complete degassing of apatite fragments and crystals requires heating for 30 s at 500-600°C (0.5 W, using the defocused beam). Reheating the sample under the same conditions releases no additional He above blank levels. The short heating time compares favorably to the 40 min heating required with the conventional furnace. The estimated laser temperatures are lower than commonly used in resistance furnace heating for helium extraction (approximately 950°C [e.g., Crowhurst et al., 2002; Foeken et al., 2003; Lorencak et al., 2004; Persano et al., 2002; Stockli et al., 2002; Wolf et al., 1997] ), but compare to temperatures at which complete helium extraction was obtained during diffusion experiments on the Durango apatite [Wolf et al., 1996; Zeitler et al., 1987] . The differences in heating temperatures likely result from poor thermal coupling in the furnace compared to laser heating, in which coupling is instantaneous.
[12] Complete He extraction from 80 -100 mm diameter Fish Canyon Tuff zircons is achieved by 20 min heating at 1.25 -2.5 W with a defocused beam. This corresponds to a temperature of 1100-1300°C based on optical pyrometry. Ongoing experiments on Fish Canyon Tuff titanites show that heating for 5 to 10 min at approximately 1200°C results in complete helium extraction from the titanites.
[13] Small variation in the degree to which individual Pt foil packets couple with the beam has been observed and probably relates to packet orientation. The homogeneous incandescence of heated Pt-foil packets suggests that the shadow effect produced by the incidence angle of the laser beam has a negligible effect on heating encapsulated minerals. Good coupling is also achieved with Nd-foil packets.
He, U, and Th Analysis Procedures
[14] Prior to analysis the laser chamber and connecting flexi-tube is degassed at approximately 100°C for 1 hour, which reduces background H, CH 4 and H 2 O levels by 2-3 times. Gases liberated by heating the Pt-foil capsules are purified using a hot SAES TiZr getter and two liquid nitrogencooled charcoal traps (Figure 1c) . 4 
Results of Laser Heating
4.1. Apatite
[15] The U, Th and He data from the laser heating experiments of Durango apatite are reported in Table 1 and plotted in Figure 3a . Two fragments of different Durango apatite [Young et al., 1969] crystals supplied by the California Institute of Technology (CIT) and Vrije Universiteit, Amsterdam (VU) were analyzed, as we have previously noted a subtle difference in their Th/U. [16] An initial series of analyses were aimed at determining an appropriate extraction time and temperature for He extraction. In particular we sought to avoid volatilization of U and Th due to over-heating, which is recorded by a fractionation of Th/U [e.g., Stuart and Persano, 1999] . The loss of U and/or Th results in increased He ages [House et al., 2000] . Five samples of VU Durango apatite (VU Dur 30, 31, 33, 34 and 39) were heated to temperatures up to 1700°C (the melting point of Pt) using different laser focusing configurations. These samples yielded Th/U in the range 32.5 to 156.8 (Figure 3a, inset) that are outside the range obtained for furnace heating. Four of the five samples yielded He ages that are older than the range recorded by furnace extraction (36.0 to 58.7 Ma) and indicate that preferential loss of U has occurred during heating.
[17] VU Durango apatites heated by laser to approximately 600°C yield a mean Th/U (22.4 ± 1.7, n = 8) that is indistinguishable from those obtained by furnace extraction (22.9 ± 2.2, n = 11). The mean He age of these laser-heated apatite (32.6 ± 2.0 Ma) is indistinguishable from the He age determined using furnace extraction (32.8 ± 1.3 Ma; Table 1 ). Three CIT Durango apatites analyzed in the same way have Th/U (18.6 ± 0.7) that are indistinguishable from the value for resistance furnace heated samples (18.8 ± 1.5, n = 11). The mean He age (33.4 ± 0.5 Ma) also overlaps the range recorded by furnace extraction (31.9 ± 2.0 Ma, n = 11). The mean He age of all the laser-heated Durango apatite samples (32.8 ± 1.8 Ma, n = 11) compares well with the equivalent value reported by CIT (32.1 ± 1.7 Ma (n = 11) [House et al., 2000] ). The Th/U of all samples are within the range determined by LA-ICP-MS (17.8-27.7) reported by Boyce and Hodges [2005] . Importantly, our heating schedule has preserved the systematic difference in the Th/U between CIT and VU Durango apatite, attesting to the complete retention of U and Th during laser heating to 600°C.
[18] Five aliquots of 1 to 3 grains of 97MR22 British Columbia apatites (CIT internal standard [House et al., 2000] ) were carefully handpicked to ensure inclusion-free grains and laser heated following the Durango heating schedule (Table 1 and Figure 3b ). The Th/U (0.7 ± 0.2, 1s) and (U-Th)/ He age (4.6 ± 0.5 Ma, 1s) of those samples are indistinguishable to those reported by House et al. [2000] (0.6 ± 0.1 and 4.5 ± 0.2, respectively, n = 15). Of the diode laser heated samples, 97MR22-5 (3 grains) yielded a (U-Th)/He age which is slightly older than the single and two grain samples. This indicates one of the hazards associated with multigrain samples. The low He blanks obtained with laser heating allow the analysis of single grain aliquots, which, often, is not achievable with furnace heating.
Zircon
[19] U, Th and He data for five, 2-3 grain aliquots of Fish Canyon Tuff zircon are reported in Table 1 . The Th/U for these aliquots are 0.6 ± 0.03, which are within the ranges obtained from resistance furnace heating at SUERC (0.6 ± 0.1, n = 14, 1s) and published values (0.6 ± 0.1 (1s) [Reiners, 2005] ). (U-Th)/He ages (29.3 ± 2.2, 1s) are also indistinguishable from those obtained from furnace heating (27.7 ± 2.7, n = 14, 1s) and published values (28.3 ± 2.6 (1s, n = 83) [Reiners, 2005] ). These results provide further confirmation of the utility of the diode laser for He extraction for (U-Th)/He chronometry.
Future Applications for Isotope Studies
[20] To test the potential of the diode laser for other noble gas and stable isotope applications we have determined how the laser couples with unencapsulated crystals and rock fragments. Coupling proved to be best for opaque (Fe-bearing) crystals (hornblende, biotite, phlogopite, and garnet) as well as dacite and basalt groundmass fragments. Heating and partial melting occurs near-instantaneously at less than 5 W using a beam defocused to 3 mm spot diameter. Coupling with muscovite, plagioclase, and semi-transparent sanidine requires laser power of 5-10 W to initiate melting and typically occurs at less than 30 s heating time. Heating of near-transparent sanidine and quartz does not significantly heat the grains even at in excess of 20 W. However, the addition of $150 mg degassed basalt glass powder to 1 g of 250-500 mm quartz grains proved enough to allow the transparent mineral to be heated to more than 1500°C and initiate melting.
[21] These results show that the 808 nm diode laser couples with minerals in a manner similar to other visible and near-infra red lasers (e.g., Nd:YAG and Ar ion) and indicate that it will make a suitable micro-heating tool for 40 Ar/ 39 Ar chronology, cosmogenic noble gas and stable isotope investigations. The small size and low power requirements make the diode laser a possible gas extraction tool for use on planetary landers. The fiber diameter used in the SUERC laser system limits the focused beam diameter to a theoretical minimum of 600 mm, restricting its use for high spatial resolution in situ studies [e.g., Smalley et al., 1989] . However, the use of smaller fiber diameters will further increase the applicability of the technique.
Conclusions
[22] A fiber-delivered 25 W, continuous wave 808 nm diode laser is used for helium extraction for (U-Th)/He chronology. Laser heating of microencapsulated Durango apatite fragments yield ages (32.8 ± 1.8 Ma; n = 11) which are indistinguishable to those obtained by furnace heating (32.3 ± 0.9 Ma; n = 22). (U-Th)/He ages of laser heating of a natural apatite from British Columbia (97MR22) yields an age of 4.6 ± 0.5 Ma, well within previous reported ages for this mineral. Five laser-heated Fish Canyon Tuff zircon aliquots yield ages and Th/U (29.3 ± 2.2, (1s) and 0.6 ± 0.03, respectively) that are indistinguishable from resistance furnace heated ages. Lasing unencapsulated crystals and fragments of volcanic rock groundmass indicates that the diode laser is similar in performance of Nd:YAG and Ar-ion lasers. The diode laser has several advantages over these lasers; it is significantly more efficient, small (54 Â 45 Â 18 cm), air-cooled and cheap to purchase and maintain, and therefore has great potential as a micro-heating/ablation tool for future noble gas and stable isotope studies.
